Rift Valley fever (RVF) is a mosquito-borne zoonotic disease endemic to Africa and characterized by a high rate of abortion in ruminants and hemorrhagic fever, encephalitis, or blindness in humans. RVF is caused by Rift Valley fever virus (RVFV; family Bunyaviridae, genus Phlebovirus), which has a tripartite negative-stranded RNA genome (consisting of the S, M, and L segments). Further spread of RVF into countries where the disease is not endemic may affect the economy and public health, and vaccination is an effective approach to prevent the spread of RVFV. A live-attenuated MP-12 vaccine is one of the best-characterized RVF vaccines for safety and efficacy and is currently conditionally licensed for use for veterinary purposes in the United States. Meanwhile, as of 2015, no other RVF vaccine has been conditionally or fully licensed for use in the United States. The MP-12 strain is derived from wild-type pathogenic strain ZH548, and its genome encodes 23 mutations in the three genome segments. However, the mechanism of MP-12 attenuation remains unknown. We characterized the attenuation of wild-type pathogenic strain ZH501 carrying a mutation(s) of the MP-12 S, M, or L segment in a mouse model. Our results indicated that MP-12 is attenuated by the mutations in the S, M, and L segments, while the mutations in the M and L segments confer stronger attenuation than those in the S segment. We identified a combination of 3 amino acid changes, Y259H (Gn), R1182G (Gc), and R1029K (L), that was sufficient to attenuate ZH501. However, strain MP-12 with reversion mutations at those 3 sites was still highly attenuated. Our results indicate that MP-12 attenuation is supported by a combination of multiple partial attenuation mutations and a single reversion mutation is less likely to cause a reversion to virulence of the MP-12 vaccine.
R
ift Valley fever (RVF) is a mosquito-borne zoonotic disease endemic to sub-Saharan Africa (1, 2) . Rift Valley fever virus (RVFV) belongs to the genus Phlebovirus, family Bunyaviridae, and the genome is comprised of tripartite negative-stranded RNA consisting of the S, M, and L segments (3) . In areas of endemicity, RVFV is considered to be maintained by transovarial transmission among floodwater species of mosquitoes, such as Aedes vexans (4) . An increase in mosquito populations through environmental changes that sustain conditions for favorable breeding of mosquitoes, such as heavy rainfall for long periods or dam construction, triggers hatching of infected mosquitoes and leads to the transmission of RVFV into susceptible animal species (5) (6) (7) . Sheep, goats, and cattle are the most susceptible animal hosts affected during RVF outbreaks (1) . RVF causes lethal hepatitis in newborn lambs and high rates of abortion and fetal malformation in pregnant sheep, cattle, and goats. Humans become infected with RVFV through close contact with aerosols of body fluids from infected animals or from bites of infected mosquitoes (1, 2, 8) . Most RVF patients develop a biphasic febrile illness, while in some patients the disease progresses into more severe forms of disease, i.e., hemorrhagic fever, encephalitis, or blindness (9) . Since the first reported outbreak of RVF in Kenya in 1930 (10) , RVFV has been identified in most countries in sub-Saharan Africa and has further spread into Madagascar, Egypt, Saudi Arabia, and Yemen (11) (12) (13) . The introduction of RVFV into countries where the disease is not endemic can have a negative impact on the agricultural industry. Therefore, an effective countermeasure to prevent the further spread of RVFV is important (14) . RVFV is classified as a category A priority pathogen by the National Institutes of Health (NIH) in the United States and an overlap select agent by the U.S. Department of Health and Human Services (HHS) and the U.S. Department of Agriculture (USDA) (15) (16) (17) .
Vaccination is considered an effective strategy to prevent the spread of RVFV. In countries where the disease is endemic, the live-attenuated Smithburn vaccine has been used since the 1950s (18, 19) . Due to residual virulence, the Smithburn vaccine is not used on pregnant animals or humans, and it cannot be used outside countries where the disease is endemic. In the United States, a formalin-inactivated RVF vaccine (TSI-GSD-200) has been developed from the pathogenic wild-type Entebbe strain (20) (21) (22) . Later, the live-attenuated MP-12 strain was generated from pathogenic wild-type strain ZH548, which was derived from a febrile RVF patient from the 1977-1978 RVF outbreak in Egypt (23, 24) . Master seed and vaccine lots (25) of the MP-12 strain have been generated, and their safety and efficacy have been evaluated in ruminants (26) (27) (28) (29) and nonhuman primates (30) (31) (32) . Currently, the MP-12 vaccine is conditionally licensed for use for veterinary purposes and was also tested for human use in a phase II clinical trial (33) . Though MP-12 is highly immunogenic in ruminants, there is a lack of knowledge about the mechanism of MP-12 attenuation. Thus, it has been difficult to demonstrate whether a reversion to virulence, e.g., whether it causes abortion in vaccinated animals, occurs in MP-12. To better understand the potential risk of MP-12 (34, 35) and to control the quality of the master seed and vaccine lots of the MP-12 vaccine, it is important to understand the attenuation mechanism.
The RVFV genome encodes 7 proteins; i.e., the S segment carries the genes for the nucleoprotein (N) and NSs; the M segment carries the genes for the 78-kDa protein, NSm, Gn, and Gc; and the L segment carries the gene for the RNA-dependent RNA polymerase (L) (Fig. 1A ). Viral genomic RNA is encapsidated with N proteins, and both N and L proteins are essential for mRNA transcription and genomic RNA replication (36) (37) (38) . Gn and Gc are envelope glycoproteins (39) (40) (41) which interact with the viral ribonucleocapsid at the Golgi apparatus (42, 43) and trigger virion formation. The glycoprotein ectodomain(s) attaches to the cellular receptors, e.g., DC-SIGN (44), of target cells, which leads to exposure of the fusion domain of Gc through a caveola-mediated endocytosis pathway (45) . A major virulence factor, NSs, is a nonstructural protein dispensable for viral replication (46, 47) and plays a major role in counteracting the innate immunity of the host, e.g., by (i) shutting off of host cell transcription by interacting with TFIIH p44 (48) and by promoting the degradation of TFIIH p62 (49, 50) , (ii) specific inhibition of the beta interferon (IFN-␤) promoter (51, 52) , and (iii) posttranslational degradation of double-stranded RNA-dependent protein kinase (PKR) (53, 54) . Another nonstructural protein, NSm, has a role in delaying apoptosis in mammalian cells (55, 56) , while it is involved in the efficient transmission of virus in mosquitoes (57, 58) . The 78-kDa protein is a structural protein for virions derived from mosquito C6/36 cells but not for those derived from VeroE6 cells (3, 59) .
RVFV strain MP-12 is derived from a plaque isolate of strain ZH548, and its genome encodes 23 nucleotide mutations (25) , i.e., 4 mutations in the S segment, 9 mutations in the M segment, and 10 mutations in the L segment (Fig. 1A) . Among those mutations, amino acid substitutions occur in the following 9 locations: V160A (NSs), I9T (78-kDa protein), V17I (78-kDa protein),
, and M1244I (L). We previously found that parental strain ZH548 has genetic subpopulations whose genomes encode the I9T (78-kDa protein), V17I (78-kDa protein), or I747L (Gc) mutation, as well as 3 other silent mutations which are identical to the mutations in MP-12 (25) . It indicates that those 6 mutations in MP-12 have been derived from a genetic subpopulation of strain ZH548. A study using RVFV reassortants between strains MP-12 and ArD38661 (a strain isolated in Senegal in 1983) indicated that each S, M, and L segment of MP-12 is independently attenuated (60) . Later, it was claimed that the ArD38661 strain is not sufficiently virulent in mice, and thus, pathogenic wild-type strain ZH548 was used as a backbone RVFV strain for the testing of MP-12 attenuation using reverse genetics. The ZH548 reassortant with the MP-12 S segment was shown to cause 80% mortality in 4-to 5-week-old Swiss strain mice within 7 to 14 days postinfection (dpi) when it was intraperitoneally (i.p.) inoculated at 1 ϫ 10 4 PFU (61). A similar mortality rate was observed by using a strain ZH548 reassortant with the MP-12 NSs gene, indicating that MP-12 NSs may partly contribute to attenuation (61) . The MP-12 NSs gene has a single amino acid change (V160A) and two other silent mutations (25) , which may contribute to the weak attenuation of the MP-12 S segment.
We hypothesized that mutations within the M and L segments play a major role in the attenuation of the RVFV MP-12 vaccine strain. In this study, we aimed to characterize the role of individual MP-12 mutations in the attenuation of pathogenic wild-type strain ZH501, which is one of the best-characterized strains in terms of RVF pathology, and to characterize the virulence of MP-12 with reversion mutations.
MATERIALS AND METHODS
Media, cells, and viruses. VeroE6 cells (ATCC CRL-1586), Vero cells (ATCC CCL-81), or Hepa1-6 cells (ATCC CRL-1830) were maintained in Dulbecco's modified minimum essential medium (DMEM) containing 10% fetal bovine serum (FBS), penicillin (100 U/ml), and streptomycin (100 g/ml). BHK/T7-9 cells that express T7 RNA polymerase (62) were maintained in alpha minimum essential medium containing 10% FBS, penicillin-streptomycin, and 600 g/ml of hygromycin. Rescue and work with infectious recombinant RVFV strain ZH501 (rZH501) or recombinant strain MP-12 (rMP-12) were performed at The University of Texas Medical Branch at Galveston (UTMB) Robert E. Shope biosafety level 4 (BSL-4) laboratory as described previously (63) . Rescued viruses were amplified once in VeroE6 cells after recovery in BHK/T7-9 cells and used for subsequent experiments. Virus titration was performed by plaque assay using VeroE6 cells with either a 0.3% tragacanth gum or a 0.6% Noble agar overlay as described previously (64, 65) .
Plasmids. Six plasmids (S, M, and L genomic RNA expression plasmids and N, Gn/Gc, and L protein expression plasmids) were used for recovery of rMP-12, rZH501, or the reassortants. Plasmids carrying a full-length S, M, or L segment flanked by the T7 promoter and hepatitis delta virus ribozyme sequences were described previously, i.e., for strain ZH501, pProT7-wS(ϩ), pProT7-wM(ϩ), or pProT7-wL(ϩ), and for strain MP-12, pProT7-avS(ϩ), pProT7-avM(ϩ), or pProT7-avL(ϩ) (55, 65, 66) . Plasmids carrying open reading frames (ORFs) for the N, M, or L segment were also described previously, i.e., for strain ZH501, pProT7-IRES-wN, pCAGGS-wG, and pProT7-IRES-wL, and for strain MP-12, pProT7-IRES-vN, pCAGGS-vG, and pProT7-IRES-vL (55, 65, 66) . In addition, individual MP-12 mutations were introduced separately or in combination into pProT7-wM(ϩ) (U46C, G69A, U795C, G857A, A2259U, A3564G, A3621G, A3644G, or A3660U) or pProT7-wL(ϩ) (C351U, U507C, U533C, G2130A, G2925A, G3104A, A3198G, G3750A, C4368U, or A5208G) by site-directed mutagenesis using Pfu Ultra high-fidelity DNA polymerase (Agilent Technologies). Further, a reversion mutation was introduced separately or in combination into pProT7-vM(ϩ) (C795U or G3564A) or pProT7-vL(ϩ) (C533U, A3104G, or G3198A).
Mouse challenge experiments with recombinant RVFV. Groups of 10 CD1 mice (5-to 6-week-old female mice; Charles River) were i.p. inoculated with 1 ϫ 10 3 PFU of rZH501 or the individual mutants. The mice were observed daily for the development of disease, while individual body weights were measured daily for 7 days and subsequently every 3 days until the termination of the experiment at 21 days postchallenge. Moribund mice, including those that had a body weight loss of more than 15% and/or that showed clinical signs, such as viral encephalitis or severe lethargy, were humanely euthanized, while all surviving mice were euthanized at 21 days postchallenge. Tissues were collected and placed in 10% buffered formalin for histopathological analysis. The sera of the survivors were tested for levels of neutralizing antibody and anti-N IgG. Survival curves for infected mice were analyzed by the use of the GraphPad Prism (version 5.03) program (GraphPad Software Inc., La Jolla, CA). All work with infectious rZH501 was performed in the Robert E. Shope BSL-4 laboratory, UTMB.
Antibody titration. An 80% plaque reduction neutralization test (PRNT 80 ) was performed as described previously using MP-12 and VeroE6 cells (67) . An IgG enzyme-linked immunosorbent assay (ELISA) for detection of anti-RVFV N antibody using His-tagged RVFV N proteins derived from recombinant baculovirus was described previously (67) . The cutoff value of the IgG ELISA was determined to be 0.245 from the geometric mean ϩ 3 times the standard deviation for normal sera (a 1:100 dilution of 10 normal serum samples per plate).
Droplet digital PCR analysis. For the measurement of viral RNA (S RNA and N mRNA), mouse liver or spleen tissues were homogenized in TRIzol reagent (Life Technologies), followed by the extraction of total RNA by use of a Direct-zol RNA miniprep kit (Zymo Research) according to the manufacturer's instruction. DNA was digested with the DNase I provided in the kit. The total RNA concentration was measured by use of a Qubit 2.0 fluorometer (Life Technologies), and total RNA was used for first-strand cDNA synthesis by using an iScript cDNA synthesis kit (BioRad), which contains a random hexamer and RNase H. cDNA derived from total RNA (25 or 250 ng), 250 nM TaqMan probe, 5=-HEX-CAG GCT TTG GTC GTC TTG AG-BHQ1-3= (where HEX is hexachlorofluorescein and BHQ1 is black hole quencher 1), and 900 nM forward primer (5=-GGC TGG CTG GAC ATG-3=) and 900 nM reverse primer (5=-AGT GAC AGG AAG CCA CTC A-3=), which are specific for the RVFV N ORF, were added to the PCR mixture (25 l), which also contained ddPCR supermix for probes (Bio-Rad). The iScript non-reverse transcription control reagent (Bio-Rad) was used to make a control reaction mixture with which the reverse transcription step was not performed. Oil droplets were generated by a QX100 droplet generator (Bio-Rad), and PCR was performed by initial heating at 95°C for 10 min, 40 cycles of 94°C (30 s) and 60°C (1 min), and a final step at 98°C for 10 min. PCR data were analyzed by a QX100 droplet reader (Bio-Rad) with QuantaSoft (version 1.4) software according to the manufacturer's instructions.
Blood chemistry. Alanine aminotransferase (ALT), albumin, alkaline phosphatase (ALP), amylase, total calcium, creatinine, globulin, glucose, phosphorus, K ϩ , Na ϩ , total bilirubin, total protein, and blood urea nitrogen levels in mouse heparinized whole blood collected at 3 dpi were measured by use of the VetScan comprehensive diagnostic profile (Abaxis) according to the manufacturer's instruction.
Immunohistochemistry. Immunohistochemistry of tissue sections was performed using anti-RVFV N antibody as described previously (68) .
Statistical analysis. The log-rank test, the Mann-Whitney test, and Student's unpaired t test were performed using the GraphPad Prism (version 5.03) program (GraphPad Software Inc.).
Ethics statement. All experiments using recombinant DNA and RVFV were performed upon the approval of the Notification of Use by the Institutional Biosafety Committee at UTMB. Mouse studies were performed in the UTMB Robert E. Shope BSL-4 laboratory, which is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) in accordance with the Animal Welfare Act, NIH guidelines, and U.S. federal law. The animal protocol was approved by the UTMB Institutional Animal Care and Use Committee (IACUC).
RESULTS
Replacement of the rZH501 S, M, or L segment with the MP-12 S, M, or L segment differentially attenuates rZH501. Strain ZH501 is highly virulent in mice, with a 50% lethal dose (LD 50 ) of 0.5 to 3 PFU (i.p.) in outbred CD1 (ICR) mice (24, 69) , and the viral distributions and pathological changes that occur during infection have been well characterized (70) . Taking advantage of the well-characterized mouse model using strain ZH501, we analyzed the MP-12 mutation(s) in the ZH501 backbone by reverse genetics. To determine if either the S, M, or L segment of MP-12 can attenuate the virulence of ZH501 in mice, outbred CD1 mice were challenged (i.p.) with 1 ϫ 10 3 PFU of rZH501, rZH501 with the MP-12 S segment (RST-MP12-S), rZH501 with the MP-12 M segment (RST-MP12-M), or rZH501 with the MP-12 L segment (RST-MP12-L). All mice infected with rZH501 succumbed to infection within 7 days postinfection (dpi) (Fig. 1B) . All mice that were moribund or died at 3 dpi did not have any detectable clinical signs of disease at 2 dpi, while those that were moribund or died at 4, 5, 6, or 7 dpi showed clinical signs, such as a scruffy coat or a hunched back, before death (Fig. 1C) . Interestingly, the survival curves for mice infected with RST-MP12-S, RST-MP12-M, or RST-MP12-L were significantly different from those for mice infected with parental strain rZH501 (log-rank test) (Fig. 1C) , and mice infected with RST-MP12-S, RST-MP12-M, or RST-MP12-L showed a delayed onset of clinical signs (Fig. 1D) . All mice infected with RST-MP12-S were dead at either 6 dpi (40% of mice) or 7 dpi (60% of mice), while RST-MP12-M or RST-MP12-L infection resulted in mouse death at 7 to 14 dpi (60% death rate), or at 7 to 10 dpi (80% death rate), respectively. All survivors had detectable anti-N IgG at 21 dpi (data not shown). At 3 dpi, the body weights of mice challenged with RST-MP12-S, RST-MP12-M, or RST-MP12-L were significantly higher than those of mice challenged with parental strain rZH501 (Fig. 1E) . In histopathological analyses of parental strain rZH501-infected mice, abundant viral N antigens were detected in necrotic hepatocytes in the liver or ne- crotic red pulp cord or mononuclear cells in follicles, and lymphoid depletion was detected in the spleen at 3 and 4 dpi (Fig. 2) . The amount of viral antigen in the liver and spleen became less abundant at 5 and 6 dpi than it was at 3 or 4 dpi. On the other hand, a viral antigen-positive focus was detected at 4 dpi in the hypothalamus of an rZH501-infected mouse, while further spread of the viral antigen occurred in the brain, including the cerebral cortex, hippocampus, brain stem, and cerebellum, in most infected mice at 5 and 6 dpi (Fig. 2) . Histopathologically, moribund mice infected with RST-MP12-S, RST-MP12-M, or RST-MP12-L had abundant viral antigens in the central nervous system (CNS) but not in the liver or spleen (data not shown). These results indicate that the MP-12 S, M, and L segments are all attenuated and that the MP-12 M and L segments are more attenuated than the MP-12 S segment in the mouse model. Meanwhile, we previously showed that 90 to 100% of mice infected with MP-12 survive challenges with 1 ϫ 10 3 or 1 ϫ 10 5 PFU (i.p.), while up to 10% of mice die or become moribund at 11 dpi or later and have abundant viral antigens in the brain (68) . Thus, RST-MP12-S, RST-MP12-M, and RST-MP12-L are more pathogenic than MP-12.
Y259H (Gn) and R1182G (Gc) independently contribute to MP-12 M-segment attenuation. Next, we introduced MP-12 Msegment-specific mutations individually into the rZH501 backbone to further characterize their potential contribution to attenuation. These mutations are located within the 78-kDa protein, Gn, Gc, and 5= untranslated region (UTR) (Fig. 1A) . As described above, mice were challenged with rZH501 or one of the nine individual rZH501 M-segment point mutants, i.e., a mutant with the U46C (I9T, 78-kDa protein), G69A (V17I, 78-kDa protein), U795C [Y259H (Gn)], G857A, A2259U [I747L (Gc)], A3564G [R1182G (Gc)], A3621G, A3644G, or A3660U mutation. The survival curves for all mice infected with those mutants were significantly different from those for mice infected with parental strain rZH501 (log-rank test) (Fig. 3A to D) . The rate of death for mice infected with the U795C [Y259H (Gn)] mutant was 70%, while that for mice infected with the A3564G [R1182G (Gc)] mutant was 80% (Fig. 3E) . Inoculation of the two mutants with the G857A or A3621G silent mutation resulted in 20% or 10% survival of mice, respectively, yet 80% or 100% of infected mice showed clinical signs of diseases, respectively (data not shown). All surviving mice except for one mouse challenged with the A3564G mutant had detectable neutralizing antibodies and anti-N IgG at 21 dpi (data not shown). Inoculation of all other mutants resulted in 100% death of infected mice. At 3 dpi, the mean body weights of the mice challenged with the U46C (I9T), U795C (Y259H), G857A, A2259U (I747L), or A3564G (R1182G) mutant were not significantly decreased compared to those of the mice in the group challenged with RST-MP12-M (Fig. 3F) . Taken together, our results clearly indicate that the U795C [Y259H (Gn)] and A3564G [R1182G (Gc)] mutations independently contribute to MP-12 Msegment attenuation. While it appears that the other individual M-segment mutations do not contribute to the overall attenuation of MP-12, we could not exclude the possibility of a synergistic attenuation effect.
Single point mutations in the MP-12 L segment do not alter the mortality of mice infected with ZH501. Next, we analyzed the effect of individual MP-12 L-segment mutations on the attenuation of the virulence of strain ZH501. Mice were challenged with rZH501 or 1 of 10 rZH501 mutants with L-segment point mutations, i.e., C351U, U507C, U533C (V172A), G2130A, G2925A, G3104A (R1029K), A3198G, G3750A (M1244I), G4368U, or A5208G (Fig. 1A) . While the survival curves for mice challenged with the C351U, U533C (V172A), G2130A, G3104A (R1029K), and A5208G mutants were significantly different from those for mice infected with parental strain rZH501 (log-rank test), none of the mice survived after challenge with those L-segment mutants ( Fig. 4A and B) . Among the three nucleotide mutations that resulted in an amino acid substitution, U533C (V172A) appeared to delay the onset of disease in some infected mice; i.e., death occurred at 5 dpi (10% of mice), 6 dpi (10%), 8 dpi (40%), 9 dpi (10%), and 10 dpi (30%) (Fig. 4C) . However, the G3104A (R1029K) or G3750A (M1244I) mutation did not delay the death of infected mice; i.e., 20%, 50%, and 20% of mice challenged with the R1029K mutant were dead at 3 dpi, 6 dpi, and 7 dpi, respectively, and 20%, 20%, 20%, 30%, and 10% of mice challenged with the M1244I mutant were dead at 3 dpi, 4 dpi, 5 dpi, 7 dpi, and 8 dpi, respectively (data not shown). Compared to the changes in the body weights of mice challenged with RST-MP12-L, mice challenged with all L-segment single mutants tested showed a significant decrease in body weight at 3 dpi (Fig. 4D) . Those results indicate that none of the L-segment single mutations independently confers MP-12 L-segment attenuation but that a combination of mutations may play a role in attenuation.
The Y259H (Gn) or R1182G (Gc) mutation decreases viral replication in mice. Because the U795C [Y259H (Gn)] or A3564G [R1182G (Gc)] mutation in rZH501 decreased the rate of mortality in mice, we hypothesized that rZH501 with either mutation would fail to replicate efficiently in vivo. To confirm our hypothesis, mice (n ϭ 3 per group) were either mock infected or infected with 1 ϫ 10 3 PFU (i.p.) of rZH501 or rZH501 with either Y259H or R1182G and euthanized at 3 dpi. For mice infected with rZH501, we could determine levels of viremia of 1 ϫ 10 3 to 1.5 ϫ 10 4 PFU/ml at 3 dpi (Fig. 5A) . As for the mutant viruses, two out of three mice infected with the R1182G (Gc) mutant had levels of viremia of 1 ϫ 10 2 to 4.5 ϫ 10 3 PFU/ml (detection limit of the assay, 1 ϫ 10 2 PFU/ml), while none of the mice infected with the Y259H (Gn) mutant developed any detectable viremia (Fig. 5A ). Viral S-segment RNA and N mRNA levels in the liver and spleen were measured using droplet digital PCR (Fig. 5B and C) . The mean RNA copy number of rZH501 was 2.1 ϫ 10 6 or 2.9 ϫ 10 4 per 1 g total RNA in liver or spleen, respectively. On the other hand, the mean RNA copy number of the Y259H mutant was 9.7 ϫ 10 3 or 8.5 ϫ 10 1 per 1 g total RNA in the liver or spleen, respectively, while that of the R1182G mutant was 4.9 ϫ 10 4 or 4.6 ϫ 10 2 per 1 g total RNA in the liver or spleen, respectively. These data indicate that rZH501 with either the Y259H or R1182G mutation accumulates less viral RNA in the liver and spleen than parental strain rZH501. To further determine the amount of tissue injury caused by virus infection, the alanine aminotransferase (ALT), albumin, alkaline phosphatase (ALP), amylase, total calcium, cre-FIG 5 Viral replication and blood clinical chemistry at 3 dpi. Outbred CD1 mice (n ϭ 3 per group) were challenged with a 1 ϫ 10 3 -PFU dose (i.p.) of parental strain rZH501, phosphate-buffered saline (mock-infected controls), or rZH501 with the U795C (Y259H) or A3564G (R1182G) mutation. At 3 dpi, the mice were euthanized and whole blood, sera, or total RNA from livers or spleens was analyzed. (A) Virus titer determined by plaque assay. The detection limit (10 2 PFU/ml) is shown by a dotted line. (B and C) Viral RNA copy numbers per 1 g of total RNA in the liver (B) and spleen (C) at 3 dpi were determined by droplet digital PCR using a TaqMan probe detecting the RVFV S segment at the N ORF. (D to F) VetScan comprehensive diagnostic profile (Abaxis) test results for ALT (D), ALP (E), and total bilirubin (F) using heparinized whole-blood samples obtained at 3 dpi. The bars in panels A to F represent means and standard errors. atinine, globulin, glucose, phosphorus, K ϩ , Na ϩ , total bilirubin, total protein, and blood urea nitrogen levels in heparinized blood samples were analyzed by use of the VetScan comprehensive diagnostic profile (Abaxis). The ALT levels in all samples from mice infected with rZH501 were outside the detection range (Fig. 5D) . In blood derived from parental strain rZH501-infected mice, the mean ALP (Fig. 5E) and total bilirubin (Fig. 5F ) levels were increased by 297% and 411%, respectively, over the levels in the blood of the mock-infected controls (71) . Meanwhile, the mean levels of ALP and total bilirubin were similar between mice infected with the Y259H and R1182G mutants and mock-infected control mice, while the mean ALT level in samples from mice infected with the R1182G mutant were increased by 363% over that in samples from the mock-infected control mice, which exceeds the physiologically normal ALT level (71) (Fig. 5D to F) . At 3 dpi, liver tissues from mice infected with the Y259H or R1182G mutant were histologically less affected (Fig. 5G) than those from parental strain rZH501-infected mice (Fig. 2) and contained fewer hepatocytes with detectable viral antigens. Taken together, at 3 dpi both the Y259H and R1182G rZH501 mutants replicated less efficiently in the liver and spleen than parental strain rZH501. Further, these data suggest that the attenuation induced by the R1182G mutation is weaker than that induced by the Y259H mutation and hepatocellular necrosis is ongoing in mice infected with the R1182G mutant.
Increased attenuation occurs with a combination of Y259H (Gn), R1182G (Gc), and R1029K (L).
Since virus with individual mutations in the MP-12 S, M, or L segment by itself was not fully attenuated, a combination of MP-12 mutations is probably required for full attenuation. Therefore, we next evaluated whether an increase in the attenuation of rZH501 could be achieved by a combination of the Y259H (Gn) and R1182G (Gc) mutations and selected L-segment mutations. We selected the following three L-segment mutations: V172A (which caused a delayed onset of disease and a statistically significant difference in survival curve compared to that for mice infected with rZH501), R1029K (which caused disease progression similar to that caused by rZH501 but a statistically significant difference in survival curve compared to that for mice infected with rZH501), and A3198G (which caused disease progression similar to that in mice infected with rZH501 and resulted in a rate of survival similar to that for mice infected with rZH501). Namely, we tested the attenuation of rZH501 with the following combinations of MP-12 mutations: Y259H (Gn) and R1182G (Gc); Y259H (Gn), R1182G (Gc), and V172A (L); Y259H (Gn), R1182G (Gc), and R1029K (L); or Y259H (Gn), R1182G (Gc), and A3198G (L) (Fig. 6) . The death rate among mice infected with rZH501 with the Y259H (Gn) and R1182G (Gc) mutations was 60%, which was similar to the rate of death for mice infected with RST-MP12-M (Fig. 1B) . The attenuation of rZH501 with the Y259H (Gn), R1182G (Gc), and V172A (L) mutations or the Y259H (Gn), R1182G (Gc), and A3198G (L) mutations was not further increased compared with that of rZH501 with the Y259H (Gn) and R1182G (Gc) mutations (i.e., death rates were 70% or 90%, respectively); rather, the number of mice with detectable clinical signs of disease was increased: 60% in mice infected with rZH501 with the Y259H and R1182G mutations, 100% in mice infected with rZH501 with the Y259H, R1182G, and V172A mutations, and 90% in mice infected with rZH501 with the Y259H, R1182G, and A3198G mutations (Fig. 6) . However, all mice infected with rZH501 with the Y259H (Gn), R1182G (Gc), and R1029K (L) mutations survived without detectable clinical signs of disease for 21 days of observation (Fig. 6A) . All the survivors showed detectable neutralizing antibody titers (PRNT 80 ) and anti-N IgG at 21 dpi ( Fig. 6D and E) . These results suggest that the two M-segment mutations (Y259H and R1182G) and R1029K (L) in combination are major contributors to the attenuation of rZH501. Next, we analyzed the replication kinetics of rZH501, rZH501 with the Y259H and R1182G mutations, rZH501 with the Y259H, R1182G, and R1029K mutations, or rMP-12 in type I interferon (IFN)-incompetent Vero cells or type I IFN-competent mouse Hepa1-6 cells. Though all viruses replicated efficiently in Vero cells (Fig. 7A) , the replication kinetics of rMP-12 were less efficient than those of rZH501 or the two rZH501 mutants in Hepa1-6 cells (Fig. 7B) . On the other hand, there was no detectable difference in the replication kinetics between the Y259H and R1182G mutant and the Y259H, R1182G, and R1029K mutant in Vero or Hepa1-6 cells. Plaques of rZH501 and rMP-12 were similar and were heterogeneous in size. Meanwhile, the plaque sizes of the Y259H and R1182G mutant and the Y259H, R1182G, and R1029K mutant were also heterogeneous, yet the average size of the plaques was approximately 50% smaller than those of rZH501 and rMP-12 (Fig. 7B) . The results indicated that MP-12 mutations other than Y259H (Gn), R1182G (Gc), and R1029K (L) also play a role in the MP-12 phenotype.
A combination of Y259H (Gn), R1182G (Gc), and R1029K (L) is not the sole requirement for MP-12 attenuation. Though a combination of Y259H (Gn), R1182G (Gc), and R1029K (L) was sufficient to completely attenuate rZH501, it is still possible that the combination of mutations is not essential for the entire attenuation of rZH501. Thus, we tested whether reversion of Y259H (Gn), R1182G (Gc), and R1029K (L) affected the full attenuation of rMP-12. We tested rMP-12 with the following reversion mutations: H259Y (Gn) only; G1182R (Gc) only; K1029R (L) only; H259Y (Gn) and G1182R (Gc); and H259Y (Gn), G1182R (Gc), and K1029R (L). Infection of mice with rMP-12 with either the H259Y (Gn) mutation only, the G1182R (Gc) mutation only, or a combination of the H259Y (Gn) and G1182R (Gc) mutations resulted in the death 10% of the infected mice, while all mice infected with rMP-12 with the K1029R reversion survived (Fig. 8A) . On the other hand, 20% of the mice challenged with rMP-12 with a combination of the H259Y (Gn), G1182R (Gc), and K1029R (L) mutations died ( Fig. 8A and B) . Though we could observe an increased rate of death for mice infected with a mutant with a combination of H259Y (Gn), G1182R (Gc), and K1029R (L), 80% of challenged mice still survived the infection, and no significant weight loss was observed at 3 dpi (Fig. 8C) . The surviving mice showed detectable neutralizing antibodies and anti-N IgG at 21 dpi, confirming that the mice became infected with the challenge viruses (data not shown). Our results indicate that mutations other than Y259H (Gn), R1182G (Gc), and R1029K (L) also contribute to the attenuation of MP-12 and that a combination of Y259H (Gn), R1182G (Gc), and R1029K (L) is not the sole requirement for MP-12 attenuation.
DISCUSSION
As of 2015, MP-12 and the rZH501 NSs/NSm double deletion mutant (72) were excluded from the select agent rule of HHS and USDA in the United States and considered candidate live-attenuated vaccines for RVF in the United States. The safety of strain MP-12 has been demonstrated by various challenge studies in nonhuman primates and ruminants (26) (27) (28) (29) (30) . On the other hand, MP-12 NSs still retains functions similar to those of pathogenic RVFV strains, such as the ability to shut off host transcription, inhibit IFN-␤ gene induction, and degrade PKR and TFIIH p62 (48, 49, 53, 64, 67) . However, a recombinant ZH548 strain with the MP-12 NSs was shown to prolong the survival time of infected mice, indicating that MP-12 NSs is partially attenuated (61) . Meanwhile, the mechanism of MP-12 full attenuation has not yet been characterized in detail. Since the MP-12 vaccine is conditionally licensed for veterinary use in the United States, it is important to understand the impact of individual mutations on MP-12 attenuation so that it may be used to vaccinate animals in the field (under BSL-1 conditions). In this study, we generated various rZH501 reassortants or mutants to test the attenuation effects of mutations in MP-12. As a result, we found that the attenuation of MP-12 occurs through the S, M, or L segment, yet none of those segments is fully attenuated. Replacement of any single segment of ZH501 with that of MP-12 (i.e., RST-MP12-S, RST-MP12-M, or RST-MP12-L) showed virulent phenotypes in mice. The attenuation strength of the individual MP-12 genome segments in the ZH501 backbone was M Ͼ L Ͼ S. We found that two mutations in the surface glycoproteins, Y259H (Gn) and R1182G (Gc), independently contribute to attenuation of the M segment. On the other hand, other M-segment mutations significantly altered the survival curves, yet the onset of disease was still observed from 3 to 7 dpi, which is similar to the time of onset of disease caused by parental strain rZH501. Our previous study found that the I9T (78-kDa protein), V17I (78-kDa protein), and I747L (Gc) mutations are present in genetic subpopulations of parental strain ZH548 (25) . Thus, Y259H (Gn) and R1182G (Gc) are the only amino acid substitutions unique to the strain MP-12 M segment. However, the attenuation of the MP-12 M segment is partial, and the full attenuation of MP-12 requires additional mutations. We found that none of the individual L-segment mutations of MP-12 alters the rate of mortality caused by rZH501 in mice, though the V172A (L) mutations delayed the onset of clinical signs of disease. We then selected three L-segment mutations, V172A, R1029K, and A3198G, to further characterize the synergistic effect with the M-segment mutations Y259H (Gn) and R1182G (Gc). Only the combination of Y259H (Gn), R1182G (Gc), and R1029K (L) resulted in the increased attenuation of rZH501 compared to that achieved with a combination of two M-segment mutations, Y259H (Gn) and R1182G (Gc). These results indicate that R1029K in combination with the Y259H (Gn) and R1182G (Gc) mutations contributes to the attenuation. Though Y259H (Gn), R1182G (Gc), and R1029K (L) were identified to be involved in the attenuation of MP-12, it is possible that those three mutations are sufficient, yet not essential, for the full attenuation of MP-12. Thus, we evaluated the synergistic attenuation effects of mutations other than Y259H (Gn), R1182G (Gc), and R1029K (L) by introducing the reversion mutations H259Y (Gn), G1182R (Gc), and K1029R (L) into rMP-12. Importantly, infection with MP-12 with those three reversion mutations resulted in only 20% mortality among infected mice, indicating that the combination of Y259H (Gn), R1182G (Gc), and R1029K (L) is not the sole requirement for the attenuation of MP-12. only; G1182R (Gc) only; H259Y (Gn) and G1182R(Gc); or H259Y (Gn), G1182R (Gc), and K1029R (L). Survival curves were not statistically significantly different by the log-rank test (versus the results for the K1029R mutant). (B) Clinical signs of disease in mice challenged with rMP-12 with a reversion mutation(s), i.e., H259Y (Gn) only; G1182R (Gc) only; H259Y (Gn) and G1182R (Gc); or H259Y (Gn), G1182R (Gc), and K1029R (L). Gray shading, period of disease in parental strain rZH501-infected mice. There were no detectable clinical signs of disease in mice infected with the K1029R (L) mutant (not shown). (C) Change in body weight (in percent) at 3 dpi compared to the body weight at 0 dpi. The Mann-Whitney test (versus the results for the K1029R mutant) was performed, yet no statistically significant differences were found. ns, not significant. The dotted line indicates a 100% change in body weight. The bars represent the mean and standard error. (11, 73) , 7 of those unique ZH501 mutations (U369C, G461A, and C716U in the S segment; U715A in the M segment; and G1427A, U3768C, and G6303A) were also found in subpopulations with the ZH548 genetic background (25) . The locations of the mutations in MP-12 are distinct from those in ZH501, and thus, we used ZH501 as a backbone to screen for the attenuation caused by MP-12 mutations. We cannot exclude the possibility that a single MP-12 mutation other than U795C [Y259H (Gn)] or A3564G [R1182G (Gc)] specifically attenuates strain ZH548. Meanwhile, it does not affect the safety of the MP-12 vaccine, because multiple mutations attenuating MP-12 clearly prevent the reversion to virulence.
Mice are extremely susceptible to RVFV infection, and the LD 50 for strain ZH501 is 0.5 to 3 PFU (i.p.) (24, 69) . Mice were therefore used as a model to evaluate MP-12 mutations. Even though mice are highly susceptible to RVFV infection, the pathology is not identical to that in human or ruminant RVFV infections, e.g., rapid neuroinvasion and a lack of febrile illness occur in mice but not commonly in humans and ruminants (9, 74 ). In our model, major lesions could be detected in the liver and spleen at 3 and 4 dpi and in the brain at 5 dpi or later in mice infected with RVFV (Fig. 2) . We confirmed that rZH501 with either the Y259H (Gn) or R1182G (Gc) mutation failed to replicate efficiently in the liver or spleen at 3 dpi. Thus, those attenuating mutations affect viral replication at least in those target organs at early stages of infection. We also observed a relatively small reduction in body weight at 3 dpi for mice infected with mutants with one of the following mutations: I9T (78-kDa protein), Y259H (Gn), G857A (Gn), I747L (Gc), R1182G (Gc), V172A (L), and G2130A (L). Thus, in addition to Y259H (Gn) or R1182G (Gc), those mutations might play a role in the attenuation of rZH501 at an early stage of infection. Assuming that all mice succumb to infection if viral neuroinvasion occurs, a specific combination of mutations, e.g., Y259H (Gn), R1182G (Gc), and R1029K (L), plays a role in decreasing the neuroinvasiveness. We also observed that different MP-12 L mutations (V172A or A3198G) in combination with Y259H and R1182G slightly increase the neuroinvasiveness of rZH501. The mechanism of RVFV neuroinvasion is, however, poorly understood. We previously reported that rMP-12 carrying the Toscana virus (TOSV) NSs increases the neuroinvasion of rMP-12 in mice (death rate, ϳ36%) (68) . TOSV NSs inhibits the IFN-␤ promoter and promotes the degradation of PKR, yet it does not suppress host general transcription (75) . This indicates that the quality of the host antiviral response in target cells influences the neuroinvasion of RVFV. It should be noted that the majority of humans or ruminants infected with RVFV develop febrile illness rather than lethal encephalitis. If attenuation of RVFV is tested in humans or adult ruminants, temperature sensitivity is another important factor for MP-12 attenuation. A previous study using a reassortant RVFV between strains MP-12 and ArD38661
(an RVFV isolate recovered in Senegal) indicated the presence of temperature sensitivity in the MP-12 M and L segments (60) . It will be important to identify temperature-sensitive mutations for a MP-12 vaccine and their contribution to vaccine attenuation in ruminants or humans.
Our results indicate that the risk that MP-12 will revert to virulence is low, which is supported by the finding that multiple attenuation mutations are effective in combination. On the other hand, the partial attenuation of the MP-12 S, M, or L segment leads to the creation of reassortant RVFV strains which have moderately virulent phenotypes. Though the natural reassortment between strain Smithburn and wild-type RVFV has been indicated (12) , it is difficult to predict the outcome of MP-12 vaccination. In addition to the risk of reassortment, it was also indicated that MP-12 may retain teratogenicity in the fetuses of ewes vaccinated in early gestation (34) or may be involved with hepatocellular necrosis in cattle (35) . These observations are not fully consistent with the findings of safety evaluations of MP-12 (26) (27) (28) (29) , and it might be possible that the different immune statuses of the vaccinated animals affected the outcome of MP-12 vaccination. Thus, surveillance of MP-12-vaccinated ruminants and the mosquito populations surrounding the area where animals are vaccinated will be important in the future. As part of a long-term plan that extends beyond the period of conditional licensing of MP-12, a further improved live-attenuated RVF vaccine, e.g., recombinant MP-12 lacking NSs or NSm or with additional stable attenuation mutations fully attenuating each S, M, and L segment without decreasing the efficacy of the vaccine, should be developed (76) (77) (78) .
